Introduction
. The therapeutic effects of lithium in Receptor-mediated activation of phospholipase C (PLC) the management of manic-depressive illness are thought results in the generation of the two second messengers to result from the inhibition of two of the phosphatases inositol 1,4,5-trisphosphate (Ins[1,4,5]P 3 ) and diacylinvolved in the pathway: inositol monophosphatase and glycerol (DAG). Ins(1,4,5)P 3 plays its primary role by mo-IPP (Berridge et al., 1989; Majerus, 1992) . Inhibition of bilizing Ca 2ϩ from intracellular stores (Streb et al., 1983 ; these enzymes has been proposed to lead to a depletion Berridge and Irvine, 1989) , and DAG mediates its action of inositol pools and a corresponding decline in the by activating protein kinase C (PKC) (Nishizuka, 1992;  levels of PIP 2 . The "lithium hypothesis" states that the Ranganathan et al., 1995) . Together, these two signaling molecules control a wide range of cellular processes decrease in the levels of PIP2 would be accompanied (Berridge, 1993) . The termination of the signaling activity by a substantial decrease in PLC-based PIP 2 signaling of Ins(1,4,5)P3 is mediated by specific dephosphorylaand a concomitant reduction in neuronal excitation. tion/phosphorylation reactions ( Figure 1 ). For example, Such reduction in signaling would then be responsible InsP3 is dephosphorylated by inositol polyphosphate for the therapeutic effect of lithium in controlling the 5-phosphatase to form Ins(1,4)P 2 . Alternatively, Ins(1,4,5)P 3 manic state of bipolar disorder. can be phosphorylated by an Ins(1,4,5)P 3 3-kinase to Genetic analysis of inositol phosphate metabolic pathform Ins(1,3,4,5)P 4 . Ins(1,3,4,5)P 4 has been shown to gate ways has been very limited. In mammals, perhaps the Ca 2ϩ entry at the plasma membrane (Shears, 1992) and only example is Lowe's Oculocerebrorenal Syndrome (LOS), a human genetic disorder linked to a mutation in a type II form of inositol polyphosphate-5-phosphatase ‡ To whom correspondence should be addressed.
enzymes involved in phosphoinositide signal transduction, such as phospholipase C (norpA), CDP-DAG synthase (eye-CDS), DAG-kinase (rdgA), and PI-transfer protein (rdgB), have been isolated from Drosophila (Ranganathan et al., 1995) . In a screen designed to identify genes abundantly expressed in the fly retina, we isolated a Drosophila homolog of mammalian inositol polyphosphate 1-phosphatase. Figure 2 shows a diagram of the genomic structure and deduced amino acid sequence of the Drosophila ipp gene. Drosophila IPP displays 40% amino acid identity and 53% similarity with the mammalian IPPs, including human (York et al., 1993) , bovine (York and Majerus, 1990) , and mouse (Okabe and Nussbaum, 1995) . The Drosophila protein shows significant sequence divergence in the area comprising the substrate recognition site (residues 281-320), with 18 amino acid substitutions over this small region ( Figure 2A ). In contrast, the mammalian forms differ by only two residues over the same interval (see next section).
To examine the tissue and developmental profile of expression of the Drosophila IPP protein, we generated polyclonal antibodies against overproduced protein and used them in tissue sections and Western blots. The protein is ubiquitously expressed throughout development and is present in all tissues examined, with maximal levels seen in the adult head and retina ( Figure 3A) . We also assayed IPP activity in extracts from different tissues and developmental stages and found a corre- retina and head ( Figure 3B ). This profile of expression metabolism in most animal tissues (Majerus, 1992; Shears, 1992) .
is consistent with a general role for IPP in inositol metabIns(1,3,4)P 3 is hydrolyzed to Ins(3,4)P 2 by IPP in all animal tissues olism. studied except Drosophila (this study). The broken arrows indicate the likely route of Ins(1,3,4)P 3 breakdown in the ipp mutants. The enzymes catalyzing the reactions have been indicated, and the reacDrosophila IPP Displays Novel Substrate Specificity tion catalyzed by Drosophila IPP is highlighted.
Because the Drosophila IPP is the least conserved member of the IPP family (Figure 2 ), we set out to investigate (Attree et al., 1992; Zhang et al., 1995; Majerus, 1996;  whether these difference in primary sequence translate Lin et al., 1997; Nussbaum et al., 1997) . LOS is characterinto fundamental differences in the properties of the ized by growth and mental retardation, cataracts, glauenzyme. IPP is a Mg 2ϩ -dependent and Li ϩ -sensitive encoma, and renal tubular acidosis. How this mutation zyme that catalyzes the removal of 1-phosphate from leads to the wide range of phenotypes seen in affected Ins(1,4)P2 and Ins(1,3,4)P3 (Inhorn and Majerus, 1988 ; patients, or how it influences inositol metabolism in vivo, Gee et al., 1988; York et al., 1994) . We overexpressed is unclear. In efforts to study the function and regulation the Drosophila protein in E. coli, and the soluble active of PIP 2 metabolism in vivo, we have been carrying out enzyme was purified to homogeneity using ion exa genetic dissection of this process in Drosophila, a change and gel filtration chromatography (see Experisystem well suited for comprehensive genetic studies.
mental Procedures) ( Figure 3C ). Purified IPP hydrolyzed We have been using phototransduction, a phosphoinoinositol 1,4-bisphosphate to inositol-4-phosphate with sitide-mediated, Ca 2ϩ -regulated signaling pathway, as a K m of 2.5 M and a V max of 36 mol/min/mg protein. This the platform for these studies. We report here the isolacompares favorably to the activity of the mammalian tion and characterization of Drosophila ipp mutants. We enzyme. We next analyzed the sensitivity of Ins(1,4)P2 demonstrate that mutant flies have defective inositol hydrolysis to lithium. The activity of the pure enzyme metabolism, have compensatory changes that allow was completely inhibited by 2 mM LiCl ( Figure 3D ), in them to metabolize Ins(1,3,4)P3, and manifest a neuroline with the observed sequence conservation at the logic Shaker-like phenotype. We used electrophysiology metal-binding site ( Figure 2A) . Surprisingly, the Droto map the basis of this neurological phenotype and sophila enzyme could not hydrolyze Ins(1,3,4)P 3 , even demonstrate a defect in synaptic transmission due to a when we increased the concentration of enzyme by 50-defect in synaptic vesicle release.
fold (to 1 g/ml) in the assay and used 100 M substrate. In contrast, the mammalian IPPs efficiently dephosphorResults ylate this substrate (Figure 1 ). Because the recombinant Drosophila enzyme did not hydrolyze the 1-phosphate from Ins(1,3,4)P3, we next Isolation of the Drosophila IPP Drosophila phototransduction is a phosphoinositideassayed Drosophila extracts for their ability to hydrolyze this substrate. Ins (1, 3, 4) P3, yet they efficiently metabolize Ins(1,4,5)P3
Using the polymerase chain reaction (PCR), we isolated the ipp gene from each of the mutant lines and and Ins(1,4)P 2 . As expected, bovine extracts can dephosphorylate both Ins(1,4,5)P 3 and Ins(1,3,4)P 3 . These determined their entire nucleotide sequence. ipp 1 contains a G→A change in the donor splice site at nucleotide results predict that the primary route of InsP 3 metabolism in Drosophila is via Ins(1,4)P 2 (Figure 1, bold arrows) 578; this results in a null mutation. ipp 2 contains a T→A change at nucleotide 71, resulting in the substitution of and suggest that defects in IPP function may have a substantial impact on inositol phosphate metabolism a conserved isoleucine to a lysine at residue 24; this mutant expresses ‫%2ف‬ of the normal levels of protein. in vivo. ipp 3 contains an 11 nucleotide insertion at position 902, resulting in a frameshift at amino acid residue 273.
Isolation of ipp Mutants
The Drosophila ipp gene maps to the third chromosome at position 88A1-2. We carried out a chromosomal walk ipp Mutants Accumulate InsP 2 over this area, fine mapped the locus to a 40 kb interval, When we assayed mutant extracts for their ability to and set out to isolate mutants defective in this gene. A hydrolyze Ins(1,4)P2, no hydrolysis was detected in any difficulty in setting up a screen for mutations in ipp is of the three alleles ( Figure 4C ). Furthermore, when muthe lack of a clear, predictable phenotype that defines tant extracts were incubated with labeled Ins(1,4,5)P3, its loss of function. Because of this concern, we used Ͼ95% of the label was recovered as inositol bisphosa screening strategy that was based on the loss of IPP phate, whereas in extracts from control flies, Ͼ95% of antigen on immunoblots (Dolph et al., 1993 (Figures 2 and 4B ). fed tritiated inositol for 6 hr and analyzed for inositol (A) Genetic scheme used to generate ipp mutants. The three mutant Figure 3 . Drosophila IPP Is Ubiquitously Expressed alleles were identified by a Western blot screen of 4368 mutagenized (A) IPP is expressed throughout development. Shown is a Western lines (Dolph et al., 1993) . blot containing 20 g of soluble protein extracts from different tis-(B and C) IPP expression and activity is abolished in ipp mutants. sues and stages of development.
Western blots of protein extracts from wild-type and mutant lines. (B) Ins(1,4)P 2 phosphatase activity is highly enriched in the nervous Also shown are two transgenic lines carrying the IPP gene under system. Assays were initiated by the addition of cytosolic extracts to the control of the heat shock promoter, either in the ipp 1 (P[hs-IPP] 1 ) a buffer mixture containing tritiated Ins(1,4)P 2 exactly as described in or ipp 3 (P[hs-IPP] 3 ) background. This construct fully rescues the (B) the Experimental Procedures.
IPP protein and (C) enzymatic activity defects. In (B), each lane (C-D) IPP activity is inhibited by Li ϩ . contains protein extracts from a single fly head. Activity assays were (C) Drosophila IPP was expressed in E.coli using the pET3a expresperformed with 5 g of head extracts in 50 l of reaction volume sion system (Studier and Moffat, 1986 ) and purified to apparent as described in the Experimental Procedures. ipp
, and ipp 3 homogeneity on FPLC using Mono Q ion-exchange and Superdex have no InsP 2 hydrolyzing activity, and introduction of a wild-type 75 gel-filtration columns.
IPP under control of a heat-shock promoter, P[hs-IPP], rescues this (D) Purified IPP is completely inhibited by 2 mM LiCl (n ϭ 6).
defect. The activity in the wild-type extract is inhibited Ͼ80% by 2 mM lithium.
phosphates. As predicted, ipp mutants have a vast increase of InsP2 in their system; measured ratios of InsP2/ a heterotrimeric G protein of the Gq family, which actiInsP 1 revealed a 300% increase in the levels of Ins(1,4)P 2 vates a PLC encoded by the norpA gene. Detailed elecin the ipp 1 mutants ( Figure 5A ). Together, these results trophysiological analysis of wild-type and mutant flies substantiate a biochemical deficit in the mutant lines, demonstrated that ipp mutants are indistinguishable and demonstrate that ipp encodes the major IPP in Drosophila. of studies. First, we examined signaling in a prototypical in a 50 l reaction for 30 min at 37ЊC. The incubation was stopped PLC-based signaling cascade. Second, we examined by adding 1 ml of ice-cold water, and the reaction products were separated on a Dowex-formate AG-1X8 column as described in the ipp mutants for InsP 3 turnover.
the Experimental Procedures. Numbers shown reflect percent of
As an example of a well-characterized PLC signaling substrate hydrolyzed by each extract in at least five independent pathway, we studied phototransduction in Drosophila.
experiments. ND, not determined.
In this cascade, light activation of rhodopsin activates . The stimulation and recording paradigm was exactly as dequickly frozen in liquid nitrogen and homogenized in 0.4 N perchloric scribed in the Experimental Procedures (Jan and Jan, 1976; Delgado acid. The inositol and inositol phosphates were separated on Doet al., 1992 Doet al., , 1994 . Average amplitudes: CS ϭ 4.2 Ϯ 1.2 nA, ipp 1 ϭ wex-formate columns as described Shayman 11.3 Ϯ 3.5 nA. et al., 1987 responses, the slopes of both curves are indistinguishable from l of buffer as described in the Experimental Procedures. The reaceach other, demonstrating similar Ca 2ϩ dependence of transmitter tion was terminated by adding 1 ml of ice-cold 0.4 M ammonium release (see text for details). formate containing 0.1 M formic acid. The [ 3 H] Ins(1,3,4)P3 breakdown products were fractionated on Dowex-formate columns. The specific activity of each genotype was normalized to the wild-type activity (n ϭ 6). levels of InsP 2 . A strong indication that ipp mutants had a physiological defect came from examination of their from wild-type controls (data not shown). We also generbehavior. The flies showed mild but reproducible hyperated double mutants between ipp and several genes excitability: they displayed the characteristic twitching encoding components of inositol phosphate metaboof the legs seen in Shaker-like mutants while recovering lism in photoreceptor cells. These included DAG-kinase from the anesthetic effects of diethyl ether (relative rank-(rdgA; ipp), CDP-DAG synthase (eye-CDS; ipp), and PIing:
). Since phosphoinositides transfer protein (rdgB; ipp). In no case did we detect have been implicated in a wide range of neuronal funcan enhancement or suppression of the single mutant tions, including synaptic vesicle function (De Camilli et phenotypes by the inclusion of the ipp allele (data not al., 1996), we analyzed synaptic transmission in control shown; see Discussion). We reasoned that if InsP 3 meand mutant animals by performing electrophysiological tabolism is of fundamental importance for such a wide recordings at the larval neuromuscular junction (NMJ). range of cellular functions, then perhaps compensatory
We recorded from the third instar larval ventral longitudimechanisms exist in the ipp mutants. Since ipp mutants nal muscle 6 (from segments A2 or A3) using a twofailed to metabolize Ins(1,4)P 2 in vivo and in vitro, we electrode voltage-clamp configuration. We chose this examined whether the phosphorylation route of InsP 3 preparation because its behavior has been well demetabolism, a branch not appreciably utilized in wildscribed Crossley, 1978 ; Campostype flies (Figure 1 ), was altered in the mutants. Indeed, Ortega and Hartenstein, 1985; Zhong and Wu, 1990 ; we found a significant increase in the rate of hydrolysis Budnik et al., 1990; ; Delgado et al., of Ins(1,3,4)P 3 in the mutants ( Figure 5A ). This upregula-1994) and can be used to reliably analyze both evoked tion is fully dependent on the loss of IPP activity, beand spontaneous transmitter release, as well as many cause mutant animals carrying a rescue construct reaspects of synaptic plasticity (Baumgartner et al., 1996 ; semble wild-type controls. Taken together, these results Broadie et al., 1997; Petersen et al., 1997) . demonstrate metabolic compensation in vivo and highExamination of postsynaptic end-plate currents triglight the exceptional capacity of the organism to partially gered by stimulation of the nerves demonstrated that accommodate the loss of function of a key enzyme in ipp mutants have evoked responses that are severalfold this pathway.
larger than those of wild-type controls ( Figure 6A ). This increase is maintained at a range of concentrations of ipp Mutants Are Hyperexcitable extracellular calcium ( Figure 6B ) and is not due to The results presented above suggested that cells dischanges in the calcium dependence of transmitter replay incredible tolerance to changes in inositol phosphate metabolites, including significant increases in the lease. This is best illustrated by analyzing the slope of the log [Ca 2ϩ ] versus log [amplitude] plot; the slope of this function is thought to represent the number of calcium ions required to trigger vesicle fusion and is ‫5.3ف‬ in both genotypes (CS: 3.6 Ϯ 0.2; ipp: 3.5 Ϯ 0.3, n ϭ 4). This is in good agreement with previous estimates (Petersen et al., 1997) . We also examined the ultrastructure of the NMJ in both genotypes using electron microscopy and immunofluorescence stainings (Poodry and Edgar, 1979; Jia et al., 1993; Thomas et al., 1997) . There were no significant differences in the size or number of synaptic boutons or active zones between control and ipp mutant flies (data not shown).
At a mechanistic level, the large increase in the amplitude of evoked responses in ipp could be due to an increase in the number of docked vesicles, an increase in transmitter content per vesicle, an increase in the probability of release, or a combination of these defects. We therefore examined the size of the readily releasable pool using hypertonic shock, the size of each quantum by analyzing single release events, and the probability of release by determining the frequency of failures.
To functionally measure the size of the readily releasable pool in wild-type and mutant synapses, we used osmotic shock, a release protocol that does not depend on electrical activity or changes in intracellular calcium, to trigger quantal release from docked vesicles (Stevens and Tsujimoto, 1995; . We applied a solution of 0.5 M sucrose in the vicinity of synaptic boutons and recorded the ensuing end-plate currents (Broadie et al., 1995) . We also examined the relative rate of vesicle recycling by measuring the time Figure 7 . Osmotic Release of Neurotransmitter required to recover the pool of readily releasable vesiOsmotic release of neurotransmitter was induced by application of cles using a paired application paradigm (Stevens and a hyperosmotic solution containing 500 mM sucrose (Stevens and Tsujimoto, 1995). Our results (Figure 7 and data not Tsujimoto, 1995; . Extra caution was shown) indicate that wild-type and mutant synapses taken to insure that we recorded from the same segment, under the same conditions, in all larvae; we performed local superfusion of a have similarly sized pools of readily releasable vesicles tudes. We also examined the frequency and size of spontaneous end-plate currents at 25ЊC and detected to calculate quantal content. Quantal content (m) in Canno significant differences between control and mutant ton S controls is 0.29 Ϯ 0.04, and the probability of animals (CS: current integral ϭ 18.7 Ϯ 1.7 pC, frequency ϭ release is 0.25 (P 1 ϭ 0.22 and P 2 ϭ 0.031). In contrast, 5.1 Ϯ 1.0 minis/s; ipp 1 : current integral ϭ 15.9 Ϯ 1.1 pC, quantal content in ipp is 1.17 Ϯ 0.1, and the probability frequency ϭ 3.1 Ϯ 0.5 minis/s). We hypothesized that of release is 0.69 (P1 ϭ 0.36, P2 ϭ 0.22, P3 ϭ 0.086). We the ipp synaptic phenotype may be due to an increase also used the frequency histograms shown in Figure 8 in the probability of release. We studied the probability to calculate quantal content from the experimental data; of release in wild-type and mutant synapses by examinboth methods produced very similar estimates (CS: m ϭ ing the frequency of synaptic failures following low fre-0.34 Ϯ 0.05 and P1 ϭ 0.24, P2 ϭ 0.04; ipp 1 : m ϭ 1.35 Ϯ quency nerve stimulation under conditions of low extra-0.2 and P1 ϭ 0.35, P2 ϭ 0.26). Taken together, these cellular calcium. Figure 8 demonstrates that the fraction data demonstrate that the increase in postsynaptic reof failures in ipp flies is dramatically reduced compared sponses in ipp mutants is not the result of changes in to wild-type controls. Wild-type synapses failed to trigthe Ca 2ϩ dependence of release, nor is it due to an ger release in ‫%57ف‬ of the trials (n ϭ 4 larvae, at least 100 increase in the size of the readily releasable pool or an trials each), whereas failures in ipp mutants occurred in increase in the size of individual quantum. Instead, the only ‫%03ف‬ of the trials. Since the release of quanta is phenotype is due to a notable enhancement in the probwell fitted by a Poisson distribution in this preparation (Petersen et al., 1997) , we applied the method of failures ability of vesicle release. Using Poisson statistics, quantal content is 0.29 Ϯ 0.04, and P 1 , the probability of release of one quantum, is 0.22. This is in fair agreement with estimates from experimental data shown in the histogram, which predicts m ϭ 0.34 and P 1 ϭ 0.24. The probability of release of two quanta is 0.03. Note that the average integral of spontaneous currents at low temperature is similar to the average of the integral currents in CS at 75 M Ca 2ϩ , at which the probability of release of a quantum is very low. This coincidence supports the idea that the peak in the histogram in Figure 8A corresponds to a single event (quantum). ipp Mutants Have Defects in Synaptic Function a progressive decrease in quantal content as the tetanus proceeds (see expanded traces under the individual reSince synaptic vesicle fusion and transmitter release critically depend on intracellular calcium, the increase sponse graphs). This depletion phenotype persisted even when wild type and mutants were compared over in the probability of release seen in ipp mutants could be partly due to defects in calcium homeostasis rea range of Ca 2ϩ concentration (see Figure 6B ), including millimolar Ca 2ϩ concentrations (data not shown). The sulting from defects in InsP 3 metabolism (i.e., higher basal levels of calcium). Alternatively, this phenotype defect is common to all ipp alleles, but mutant larvae carrying a wild-type ipp transgene show normal recould be a reflection of a fundamental defect in synaptic vesicle function and/or mobilization. To help address sponses (data not shown). In sum, these results substantiate a defect in synaptic transmission in ipp muthis issue, we studied responses under conditions where the probability of release, both in wild-type and in mutant tants (perhaps due to a defect in vesicle mobilization) and suggest that the depression in signaling following animals, is high (tetanic stimulation at 200 M extracellular Ca 2ϩ , where no failures are observed). During a tetaprolonged stimulation may define important physiological changes during acute and chronic pharmacological nus, normal synapses display a characteristic increase in the size of the postsynaptic response due to eninhibition of IPP in the nervous system (see next section). hanced presynaptic release resulting from successive rises in the levels of intracellular calcium ( Figure 9A ).
Lithium Interferes with IPP In Vivo and Phenocopies the Synaptic Defect of ipp Mutants Remarkably, ipp mutants are totally incapable of maintaining a sustained response to a prolonged stimulus
The favored hypothesis for the action of lithium in the nervous system (manic-depressive psychosis) proposes (10 Hz for 50 s; Figure 9B ): they reach a plateau much faster than control synapses and decay during the stimthat inhibition of the inositol monophosphatases leads to a decline in the pool of inositol and a corresponding ulus. Indeed analysis of the ipp responses demonstrated to equivalent treatment and exposure to Li ϩ (e.g., fraction of failures: CS ϭ 0.75, ipp 1 ϭ 0.31, ipp 1 ϩ Li ϩ ϭ 0.39; see Figure 8 ). Collectively, these data demonstrate that IPP is an important target of Li ϩ in vivo and point to synaptic vesicle function as a critical candidate in the study of Li ϩ action and its involvement in the management of psychiatric disorders.
Discussion
Inositol phosphates are important intracellular messengers in a wide range of signaling pathways. They also serve as reservoirs for phosphate and mineral storage. Cells utilize a variety of strategies to insure availability of inositol and related metabolites, including synthesis, uptake, and recycling. One of the most important inositol phosphates is Ins(1,4,5)P 3 . It functions not only as a key messenger in mobilizing calcium from internal stores but also as a central intermediate in the synthesis of a wide range of additional signaling molecules.
The metabolism of Ins(1,4,5)P 3 operates via one of two pathways. On the one hand, it can be phosphorylated to generate Ins(1,3,4,5)P 4 . On the other hand, it can be dephosphorylated to produce Ins(1,4)P2. Inositol polyphosphate 1-phosphatase is a key enzyme in this latter branch. IPP is lithium sensitive and has been postulated to be one of the pharmacologically relevant targets of lithium therapy in the treatment of manic depression. In this study, we described the isolation of the Drosophila mands for PIP 2 in photoreceptors (see Berridge and Irvine, 1989; Berridge, 1993) . Why are ipp mutant animals viable if they lack the primary route of InsP 3 metabolism? We showed that decrease in the levels of PIP 2 and PIP 2 -based signaling. Our findings that ipp mutants have severe synaptic deipp mutants have a significant increase in the rate of breakdown of Ins(1,3,4)P 3 , thus rerouting Ins(1,4,5)P 3 via fects suggested that pharmacological inhibition of IPP could phenocopy the ipp mutant phenotype and lead the Ins(1,3,4,5)P 4 pathway. This compensatory change demonstrates exquisite biochemical plasticity in vivo to significant defects in synaptic function and plasticity. Furthermore, since a number of components of the and is likely to represent the alternate route for metabolizing the accumulated inositol polyphosphates in these vesicle fusion/recycling machinery have recently been linked to inositol phosphates (De Camilli et al., 1996;  flies.
We demonstrated that ipp mutants have defects in McPherson et al., 1996; Fukuda and Mikoshiba, 1997) , we wondered whether this pathway could be a biologisynaptic function due to an underlying defect in synaptic vesicle function. We used a number of electrophysiologically relevant target of lithium. We therefore tested the effect of acute lithium exposure on wild-type and ipp cal strategies to pinpoint the nature of the defect and demonstrated that ipp mutants have a significant insynapses. Remarkably, Li ϩ phenocopies all aspects of the ipp mutant phenotype, including the increase in size crease in the probability of synaptic vesicle release. These results are well aligned with recent studies linking of evoked responses, the decrease in synaptic failures, and the inability to sustain long tetanic stimulation (Figinositol presynaptic boutons in this preparation. We reasoned tions were sequentially eluted with water and ammonium-formate/ formic acid mixture as previously described  that if differences in intracellular calcium underlie the Shayman et al., 1987) . In all cases, we included a variety of controls, differences in probability of release, then wild-type including incubations with heat-inactivated extracts. The eluates synapses under conditions of very high probability of were mixed with 10 vol of scintillation liquid (Bio-Safe II) and mearelease may mimic ipp. This was not the case; ipp musured in a scintillation counter.
tants were unable to maintain responses to a prolonged tetanus, whereas control animals displayed robust re-
Antibodies and Microscopy
sponses and a fully developed tetanic augmentation. In Antibodies were generated against bacterially expressed protein.
all, these findings suggested that inhibition of ipp may
The protein was injected into rabbits and the antiserum was affinity lead to changes in synaptic plasticity. Indeed, Li ϩ applipurified as previously described (Cassill et al., 1991) . The antibody was checked for specificity and affinity using wild-type, mutant, and cation phenocopies the synaptic defects of ipp mutants.
transgenic controls.
These results raise the possibility that the therapeutic Synaptic boutons were examined by electron micrographic (EM) effects of Li ϩ in the management of manic depressive sectioning as described by Poodry and Edgar (1979) . Immnunoflupsychosis may be mediated by its action on synaptic orescence stainings with anti-HRP were carried out as described vesicle function and prompt a reexamination of the "lith-
by Jia et al. (1993) . Muscles 6-7 and 12-13 of third instar larvae and ium hypothesis" and its significance in PLC signaling (Dolph et al., 1993 (Dolph et al., , 1994 . In essence, single fly heads were excised and sonicated for 3 s in SDS-PAGE Cloning of ipp buffer. Samples were loaded on 10% SDS-gel electrophoresis (1 A cDNA encoding the 3Ј end (700 bp) of ipp was identified during head/lane); proteins were allowed to enter the gel for 15 min. Protein screening of a retinal lambda Zap cDNA library for genes preferenfrom a second line was loaded, and the gel was run for a further 15 tially expressed in the retina (C. Z., unpublished data). Overlapping min. Protein from a third line was loaded and the run completed. In clones were isolated, and a full-length cDNA was constructed. Gethis way, 45 flies representing 45 individual treated chromosomes nomic clones were obtained and used to establish the genomic could be screened in one gel. The separated proteins were then structure and chromosomal location of ipp (Dolph et al., 1993) . transferred to a nitrocellulose membrane and incubated with anti-IPP antibody. All experiments involving the mutant flies, including physiological recordings, were also carried out with mutant chromoExpression and Purification of IPP somes over the deficiency Df(3R)red 31 . This eliminates any concerns A full-length cDNA was cloned into pET3a vector and expressed in over additional mutations in the ipp backgrounds. Wild-type control BL21 (DE3) cells as described (Studier and Moffatt, 1986) . Crude flies were Canton S. extracts were prepared from the bacterial lysates in 20 mM Tris HCl buffer (pH 7.4). After removal of membranous and particulate material, the extract was loaded on a Mono Q anion FPLC column PCR Reactions and eluted with a gradient of 0-1 M NaCl in the same buffer. Active Each of the ipp genomic regions from wild-type (Canton S) and fractions (see below) were pooled, concentrated, and loaded on a mutant flies (ipp ) were amplified in multiple indepenSuperdex 75 gel-filtration column in the same buffer with 0.5 M NaCl. dent PCRs to eliminate possible sequence errors occurring during Pure fractions were pooled, concentrated, and stored at Ϫ20ЊC in PCR amplification. Sequencing was performed as previously de-50% glycerol. The enzyme lost little activity over a year.
scribed (Dolph et al., 1993) .
Activity Measurements of IPP DNA Constructs and Transgenic Flies
Inositol polyphosphate 1-phosphatase activity was measured as A 1400 bp ipp cDNA fragment containing the entire IPP coding described by Inhorn and Majerus (1988) . The assays were usually region was cloned into a Drosophila transformation vector under initiated by adding the enzyme to a solution containing 50 mM the control of the heat-shock promoter (Baker et al., 1994) and HEPES (pH 7.4), 3 mM MgCl 2 , 100 mM KCl, 0.5 mM EGTA, and [ 3 H] injected into wild-type embryos. P element-mediated germline Ins(1,4)P 2 . After incubation, the reaction was loaded onto a Dowextransformations and all subsequent fly manipulations were performate (AG 1-X8) column, and [ 3 H] Ins(4)P eluted with 0.05 M ammoformed using standard techniques (Karess and Rubin, 1984) . nium formate containing 0.1 M formic acid.
Estimation of Inositol Bisphosphates from Flies
Young adult flies (3 days posteclosion) were fasted for 5 hr and then Inositol Phosphate Metabolism Young adult flies were anesthetized with CO 2 , beheaded, and immefed 15 Ci of tritiated inositol in 1% agarose containing 1% sucrose. After 6-12 hr of feeding, flies were transferred to fresh tubes, frozen diately homogenized in 50 l of 50 mM HEPES (pH 7.5), 100 mM KCl, 2 mM MgCl 2 , 0.5 mM EGTA, 0.1 mM PMSF, 1 g/ml leupeptin, in liquid N 2 , washed in 3 ml of 0.4 M perchloric acid containing 0.5 mM EDTA, and homogenized in 500 l of the same solution. Samples 1 g/ml pepstatin, and 1 g/ml aprotinin. The particulate matter was removed by centrifugation at 14,000 rpm at 4ЊC for 20 min, were centrifuged at 14,000 rpm for 10 min, and the clear supernatant was neutralized to pH 7.4 with 1 M potassium bicarbonate. The and the clear supernatant was incubated with radiolabeled inositol phosphate substrates.
extracts were then applied to a Dowex-formate column equilibrated
